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Using light to control the movement of nano-structured objects is a great challenge.[1]
This challenge involves fields like optical tweezing [2–4], Casimir forces [5], integrated
optics [6–8], bio-physics [9, 10], and many others. Photonic “robots” could have un-
countable applications. However, if the complexity of light-activated devices increases,
structural disorder unavoidably occurs and, correspondingly, light scattering, diffusion
and localization. Are optically-driven mechanical forces affected by disorder-induced
effects? A possible hypothesis is that light scattering reduces the optomechanical in-
teraction. Conversely, we show that disorder is a mechanism that radically enhances
the mechanical effect of light. We determine the link between optical pressure and
the light diffusion coefficient, and unveil that when the Thouless conductivity becomes
smaller than the unity, at the so-called Anderson transition, optical forces and their
statistical fluctuations reach a maximum. Recent advances in photonics demonstrate
the possibility of harnessing disorder for fundamental physics and applications [11].
Designing randomness allows new materials with innovative optical properties [12–18].
Here we show that disorder and related phenomena may be exploited for optomechan-
ical devices.
PACS numbers:
Several recent investigations show that light propa-
gation and amplification in disordered matter can be
controlled, and this allows applications as tunable ran-
dom lasers, transmission through random media, and
novel disorder-driven devices as random lasers and ultra-
sensible spectrometers [12–18]. Controlling the photon-
transport also enables to tailor the optical properties
of new materials [19, 20], albeit effects like the three-
dimensional (3D) Anderson localization of light are still
largely debated. [21–23] However, there is a specific field
in which the benefits of randomness have not yet been in-
vestigated, and that is optomechanics. Even if the con-
cept of optical pressure can be dated back to the 16th
century, with the famous work of Keplero on comet tails
[24], the role of disorder-induced light diffusion and lo-
calization on the optomechanical forces (OMFs) is unex-
plored.
OMF can be calculated by a field-dependent stress ten-
sor [25], and in the last century many efforts were de-
voted to experimental and theoretical analyses [26, 27]
of the momentum transferred to a dielectric body by
electromagnetic (EM) radiation, [28–31] and to an enor-
mous number of applications including, among others,
laser cooling [6, 7], optical manipulation [1–4], biophysics
[9, 10] and optomechanical devices [6–8, 32].
OMFs are due to the interaction of the EM field with
the boundaries of dielectric objects. When considering
random systems with a large number of interfaces, de-
termining the momentum transferred from photons to a
material can be highly non trivial. In the perspective of
optically activated nano-structured devices, understand-
ing the OMF due to many interfaces is pivotal for possible
applications.
As described elsewhere [33, 34] any photon that is
transmitted unaltered through a dielectric material does
not furnish kinetic momentum to matter, however, if the
scattering changes the photon direction, a recoil force ap-
pears. In the presence of multiple scattering, the photon
random walk generates a random walk of the medium.
This problem is remarkably similar to the random walk of
a macroscopic object in a liquid: [35] even if the timescale
of the single molecule collision is very fast, the statis-
tical fluctuations of the number of collisions generate a
slow observable motion. For the photon, we find that the
temporal fluctuations of the forces occur on a timescale
much longer that the optical carrier period, and that the
physics is made even richer by the onset of localization
effects. Indeed, it is well accepted that when the pho-
ton transport mean free path ℓ is small enough, three-
dimensional (3D) disordered systems can support long-
living localized states [36–39]. We investigate here the
role of the localized states on the OMFs.
Due to the small values of the OMFs, one must con-
sider dielectric systems with spatial dimensions of the
order of tens of wavelengths. Larger system are not
substantially affected by the OMFs. We hence analyze
regimes in which EM localized states are strongly altered
by finite-size effects, and this calls for fully-vectorial so-
lutions of Maxwell equation. In the considered cases, the
diffusion approximation (only meaningful for large sys-
tems) cannot be applied.
In the following, we hence apply a massively parallel
computational approach to provide answers to the open
question on the role of disorder on the OMFs occurring
in 3D random assembly of dielectric particles. By the
Maxwell stress tensor method (MSTM), we find the rela-
2tion between the OMFs exerted on the entire disordered
system and the parameters characterizing the photons
transport regime, as specifically the diffusion constant
and the Thouless conductivity [40].
Numerical simulations of Maxwell equations.
Our numerical approach is based on a finite-difference-
time-domain (FDTD) algorithm [41] with typical runs in-
volving thousands of processors in an IBM Blue Gene/Q
system with a massively parallel architecture. Other au-
thors have previously calculated by FDTD techniques the
optical pressure on dielectric media [42–46]; to the best
of our knowledge disorder has not been analyzed before.
We consider a cubic structure with dimensions
Lx =Ly =Lz =L, made by a random distribution of
100nm radius monodispersed dielectric spheres with re-
fractive index n. We consider three different sizes of the
cubic box, L= 0.5, 1.0 and 2.0µm; and we vary the re-
fractive index of the single particle in an interval rang-
ing from n = 1.5 to 3.5. We solve the time-dependent
Maxwell’s equation in 3D spatial dimensions:
∇×E = −µ0∂tH
∇×H = ∂tD,
(1)
where D is the displacement vector given by D = ǫ0ǫrE,
and ǫr = n
2. We make two series of simulations by
launching two different x-polarized excitation signals on
the 3D structure: (i) we use a continuous wave (CW)
light beam with wavelength λ = 600nm to calculate
the OMFs by the MSTM; (ii) to characterize the pho-
tons transport regime, we use a light pulse of duration
t0 = 10fs, with a spectral content centered at λ = 600nm.
Both the signals are launched along the z-direction and
impinge on the input facet of the assembly located at
z = 0. The output facet is placed at z = L.
Let Σ and V be the surface area and the volume of the
block, respectively, the time-dependent force due the EM
wave, neglecting electrostriction, is given by [47]
F =
dGmech
dt
=
∫
Σ
S · nˆ dA−
1
c2
d
dt
∫
V
E×H dV (2)
where S · nˆ = ǫE(E · nˆ) + µH(H · nˆ) − 1
2
(ǫE2 + µH2)nˆ
is the projection of the Maxwell stress tensor S on the
unitary normal nˆ exiting from the surface Σ. The last
term in (2) is the time-derivative of the EM momentum
in the volume V , whose density is g and given by the
Abraham and von Laue expression g = gA =
1
c2E ×H.
[48] In the CW case the time-average force is given by
F = 1T
∫ T/2
−T/2Fdt, with the optical cycle T = λ/c. F
gives the amount of momentum per unit time transferred
to the block. In the pulsed case, the time-average per sin-
gle pulse is defined as F = 1T
∫
∞
−∞
Fdt, which gives the
total momentum transferred to the block per pulse dur-
ing a normalization time T much longer than the pulse
duration.
We calculate the following output quantities: i) the
three components of the resulting electromagnetic force,
F, acting on the whole random assembly of dielectric
beads; ii) the transverse [in the (x, y) plane] intensity
distribution of the electric field at various z; iii) the
total transmission T (t) calculated by integrating the z-
component of the Poyinting vector over the output (x, y)
plane. Notice that the first two quantities are obtained
by the CW simulations, while the latter quantity is ob-
tained by the pulsed excitation.
Optomechanical forces. Figure 1a shows the sketch
of the simulated system. The random assembly of di-
electric spheres is illuminated by a 1µm waist CW laser
beam; light scattered by the random structures in all the
directions is also indicated; the image in panel (b) dis-
plays the typical intensity distribution of the intensity
at the output plane (z = L). Figure 1c shows the time
dynamics of the force Fz(t) for L= 2µm and n = 1.5.
The fast oscillations correspond to the optical carrier of
the exciting source; the superimposed curve (thick line)
is obtained by filtering out such oscillations. The time-
dynamics of the filtered signal looks as a square-wave
pulse due to the initial transient, which is needed by the
EM wave to propagate through the whole structure. Af-
ter this initial transient a stationary regime takes place.
Notice that the stationary value of the longitudinal force
is different from zero.
When the index contrast between the beads and the
surrounding medium (vacuum) increases, the recoil force
edge in the pulse is smoothed. Figure 1d shows the ef-
fect of the scattering on the time behavior of F z(t) for
a specific disorder realization. As anticipated, when n
grows, the trajectory of the photons follows a complex
path, which affects F z(t).
Figure 1e shows the temporal behavior of the filtered
transverse components F x,y(t). Because of the random
walk due to the multiple scattering, the photons escaping
from the lateral sides of the sample generate transverse
OMFs components. When averaging over several disor-
der realizations, these components vanish; this transverse
random force is expected to be observable for a specific
sample with a fixed disorder realization. In order to de-
termine the statistical distribution of the OMFs, we re-
peated the CW simulations for sixty different disorder
realizations for any considered system size L and refrac-
tive index n.
The lateral leakages of photons increase with the scat-
tering strength; this reduces the recoil force in the z-
direction and increases the overall longitudinal force.
Such a dynamics is confirmed by the behavior of the dis-
order average optical force z-component 〈F z(t)〉 reported
in Fig. 2a-c for different L and n. Figure 2d shows the
stationary value of the 〈F z(t)〉 curves in Fig.2a-c versus
n, normalized with respect to the correspondent homo-
geneous structure (i.e., a cubic block of the same size of
the random assembly and refractive index). Notice that,
for the largest sample (L= 2.0µm), one can identify a re-
fractive index threshold, at which the longitudinal force
in the disorder case is enhanced with respect to the ho-
mogeneous case.
3FIG. 1: Numerical experiment. (a) Sketch of the physical system considered in the 3D-FDTD numerical simulations; (b)
output (x, y) distribution of the electric field; (c) time-dynamics of the OMF z-component Fz(t): the fast oscillations are due
to the optical cycle of the light source; the superimposed thick curve is obtained by spectral filtering; (d) time dynamics of
F z(t) for different particles refractive index n and for L = 2.0µm; (e) as in (d) for the transverse forces F x(t) (dotted line) and
F y(t) (continuous line) for L = 2.0µm and n = 2.5.
We then analyse the transverse components, F x(t) and
F y(t). Figures 3 a-d show the statistical distributions of
the stationary values of F x and F y. Notice that the his-
tograms broaden with the increase of the refractive index
and that this effect is more evident for the largest sizes.
This analysis predicts that a specific disorder realization
sustains a transverse force at a random direction.
Optomechanics at onset of the Anderson local-
ization. In order to link the OMFs with the photon
dynamics, i.e., with the transition towards a localized
regime expected at large n, we perform a set of simu-
lations by considering an input EM pulse with duration
t0 = 10 fs and central wavelength λ = 600nm. Follow-
ing the procedure in [37], we analyse the trailing edge of
the total transmission T (t), collected at the output facet
of the system, and determine the diffusion coefficient as
D = L2/(π2τ), with τ the exponential decay time of T (t).
Figure 4a shows the diffusion constant D versus n for
the L = 1.0µm (circles) and L = 2.0µm (triangles). Fig-
ure 4b shows the disorder average OMFs z-component
versus D. An enhancement of the OMFs is found when
the diffusion constant reduces. The OMFs reach a max-
imum when D reaches the smallest value in correspon-
dence of the localization transition. This result clearly
shows the relation between the OMFs and the photons
dynamics within a disordered 3D medium. Notice that in
order to calculate the forces, one needs to consider a spa-
tially limited structure for which the diffusion constant
does not vanish because of the finite size effects.
In order to further characterize the photon transport
regime, following the scaling theory of localization in 3D
systems [40], we analyse the spectral content of the out-
put electric field when varying the system size. Figures
4 (c-e) report the output EM spectra corresponding to
4FIG. 2: Disorder averaged behavior of the z-component OMF Vs scattering strength and system size. (a-c)
Disorder averaged 〈F z(t)〉 for the different system sizes L = 0.5µm (a), 1.5µm (b) and 2.0µm (c). Each curve corresponds to
a different particle refractive index n = 1.5, 2.0, 2.5, 2.9 and 3.5 (from bottom to top). The 3D structures in the panels are
representatives of the simulated assemblies. (d) Stationary value of the curves reported in panels (a-c), 〈F z〉, normalized with
respect to the corresponding homogeneous case vs the refractive index n. Each curve refers to a different size of the system:
L = 0.5µm (•), 1.0µm (N) and 2.0µm (). The coloured box marks the transition at which the OMF z-component is enhanced
by the disorder.
FIG. 3: OMFs transverse components distribution. Histograms of the stationary value of the transverse (x, y) components
of the optomechanical force, F x and F y as obtained for 60 different disorders. Each panel corresponds to a given size of the
system, L = 0.5µm (a,d), 1.0µm (b,e) and 2.0µm (c,f)
5FIG. 4: Anderson localization and optomechanical forces. (a) Diffusion coefficient D vs n obtained for the system sizes
L= 1.5µm () and 2.0µm (N). (b) Stationary value of the 〈F z〉 vs diffusion coefficient D for L= 1.5 (N) and 2.0µm () samples.
(c-e) Spectral content of the electric field at the output face of sample with the highest particles refractive index (n = 3.5) and
different length L= 0.5 (c), 1.0 (d) and 2.0µm (e). The dimensionless conductivity g is also indicated. The insets show the
intensity spatial distributions of the electric fields in the (x, y) plane.
samples with n = 3.5 and L= 0.5, 1.0 and 2.0µm. When
increasing L, the spectra display an increasing number of
peaks. The linewidth of these resonances narrows with L,
signaling the formation of long living localized modes. A
measure of the localization degree is given by the Thou-
less conductivity
g(L) =
δω
∆ω
,
where δω is the spectral peak width and ∆ω the peak
distance, averaged over all the modes. The localization
transition occurs when g < 1 [40], a condition that is
found in our numerical experiments when n = 3.5 and
L=1.0 and 2.0µm. For these values, the output electric
field intensity (y, z) profile is reported in Fig. 4c-e. We
remark that g > 1 for all the considered case with n <
3.5. This result shows that for g < 1 the force reaches
a maximum. In other words, the onset of the Anderson
localization has an optomechanical counterpart.
Conclusions. To unveil the effect of disorder on the
optomechanical forces acting on a three-dimensional ran-
dom assembly of dielectric particles, we have used a mas-
sively parallel computational approach. The study of the
time behavior of the optical pressure and of the statistics
of the transverse components of the optical force, com-
bined with the analysis of the light transport regime, has
allowed to quantitatively establish a relation between the
forces and the photons diffusion coefficient D. We have
found that the momentum transferred to a disordered
micron-sized object increases when light approaches a lo-
calized regime. The onset of the Anderson localization
enhances the mechanical action of light. These findings
may open the road to the exploitation of light scatter-
ing and localization for the motion of complex dielec-
tric structures by means of low power laser sources. A
proper arrangement of the refractive index distribution,
loss, shape, size, and spatial configuration of dielectric
particles, allows to control the photon Brownian motion
and, correspondingly, to engineer the light induced forces,
this makes possible the realization of optically activated
micro-motors suitable for an enormous amount of appli-
cations.
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